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Abstract 
Half-cell modules are promising candidates for a new generation of PV-modules as the electrical losses can be reduced while the 
optical gains are increased. This technological approach requires a cell separation process which does not induce any significant 
electrical or mechanical damages on cell level. Thermal laser separation (TLS) is a damage free and kerfless dicing technology 
for brittle materials such as silicon. We investigate the applicability of TLS for the solar cell splitting and compare it to a 
reference cell-splitting process based on laser scribing and subsequent cleavage. It is found that the electrical properties of the 
TLS-half-cells are slightly better compared to the reference process and that compared to a laser separation there is no 
mechanical damage due to the TLS process. 
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1. Introduction 
A technologically promising path towards higher module efficiencies without increasing the cell efficiencies 
themselves is based on the concept of a half-cell module. [1,2] The major reason is a reduced series resistance loss 
which is combined with a better light management as more light reflected from the back-sheet reaches the active cell 
areas. [3,4] This can lead to an increase in module efficiency of about 3%rel. However, the cell separation process 
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might also induce electrical or mechanical damages to the cells which either lower the electrical performance of the 
module or could cause reliability issues. In recent years, the standard approach for the production of half-cells was 
based on a two-step process: laser scribing of the back-side of the cell and subsequent mechanical cleavage of the 
cell. It has been found that this process leads to half-cells with additional electrical losses of about 0.5%rel – 1%rel. 
Furthermore, the mechanical strength of the half-cells can be significantly reduced due to the ablative laser 
processing. [1] 
In this work, we investigate an alternative cell splitting process based on a thermal laser separation (TLS). This 
process is a damage free laser dicing technique for brittle materials. [5] It relies on the application of a defined and 
controlled stress field imposed by a laser-based heating and subsequent cooling. Thus, a crack is guided through the 
entire cell and two half-cells are obtained. TLS is a well-known process in the micro-electronics industry. Here, we 
investigate its applicability to solar cells and compare it to a reference process based on laser scribing and cleavage 
by mechanical forces. First, we show that the process is capable of splitting cells into half-cells in a reliable way. 
Second, we study the electrical and mechanical properties of the TLS-half-cells.  
2. Material and methods 
2.1. Samples 
For the mechanical and electrical characterization multicrystalline solar cells with PERC concept (3 busbars) with 
the size of 156mm x 156mm x 180 μm were used. The batches with 50 cells each were processed with different cell 
separation processes as listed in Table 1. The cleavages for both processes were performed on the backside of the 
solar cell. The metallization layout of batch B3-TLS was slightly modified by introducing small gaps for improved 
cracking. For the mechanical characterization an additional batch B4-TLS-cs with a centered (initial laser) scribe 
located in the mechanically tested area has been studied to estimate the damage due to initial laser scribe which is 
outside of tested area (see Fig. 1) for the standard TLS process. 
Table 1. Overview of all samples 
Nomenclature Splitting Process Sample Size Modification Characterization 
B1-Ref -  Full cells - electrical + mechanical 
B2-LSC Laser Scribing and Cleavage Half cells - electrical + mechanical 
B3-TLS Thermal Laser Separation  Half cells metallization layout electrical + mechanical 
B4-TLS-cs Thermal Laser Separation  Half cells metallization layout + 
additional center scribe 
mechanical 
 
 
 
 
      
  
B1 – reference B2 – LSC B3 – TLS B4 – TLS-cs 
tested area center scribe initial laser scribe
Fig. 1. Sample overview and tested areas for the mechanical characterization. 
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2.2. Electrical characterization 
All batches were electrically characterized by an I-V-measurement and parameter extraction. Besides the 
efficiency of the cells, we have analyzed the two major sources of electrical losses – shunt resistance Rsh and 
recombination loss current J02. [6] Batch B1 has not been split and served as a baseline. The electrical measurements 
include dark I-V-curves and illuminated I-V-curves with a subsequent parameter fit to the two diode model. They 
were performed on the LOANA measurement system by pv-tools. The focus of the statistical data analysis has been 
on the cell efficiencies. Furthermore, the shunt resistance and the diode currents J01,02 were investigated as they 
described the two major sources of electrical losses. Finally, lock-in-thermography has been applied to check for 
localized shunts that might be caused by the cell separation. 
2.3. Mechanical characterization 
A four-point bending setup was used for the strength measurements. [7] It loads a large area homogeneously by 
uniaxial bending including the surface and edges of the solar cell. The load occurs as homogeneous tensile stress on 
the bottom surface of the sample in the test. The 4-point bending configuration in this work (see Fig. 2) had an outer 
span (outer rollers) of 110mm and inner load span (inner rollers) of 55 mm. The busbars were put parallel to the 
rollers and the backside was put in tension. The rollers are made of steel with a diameter of 10mm. For better contact 
behavior and reduced friction PTFE foils were put between the rollers and the cells. For every batch 50 solar cells 
were tested. All tests were performed on a universal testing machine ZWICK 005, using a load cell of 1 kN. The 
deflection of the sample was measured by the machine position. The load speed was defined to be 0.1mm/s. The 
force and deflection was recorded for every sample beginning after reaching an initial force of 0.5 N and ending at 
fracture for the solar cell.  
 
 
 
 
 
 
A finite element model was used to calculate the fracture stresses and the effective area for each sample in the 
four-point bending experiment. The fracture stresses ıi were statistically evaluated using a two parameter Weibull 
distribution [8] considering the size of the loaded sample 
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Fig. 2. Four-point bending setup used for strength measurements (busbars 
parallel to the rollers and backside in tension) with outer steel rollers below 
and inner steel rollers above the solar cell. 
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where ı0 is the scale parameter at which 63.2% of all samples with a unit area fails, Aeff is the effective area and m is 
the Weibull modulus which represents the scattering of the fracture stresses. A high Weibull modulus m means a 
small variation and a low Weibull modulus represents large variation in fracture stress values. The Weibull 
parameters were determined using the maximum–likelihood estimation (MLE). 
3. Results 
The two cell separation technologies, laser scribing and cleavage (LSC) and thermal laser separation (TLS), are 
compared with regard to the electrical and mechanical properties of the resulting half-cells. 
3.1. Electrical characterization 
The maximum power obtained by I-V-measurements of all cells before and after the cell splitting is shown in Fig. 
3 (upper diagrams). The left diagram shows a baseline measurement of a cell batch that served as a cross-check of 
the measurement system stability. Here, we found that the maximal power can show a measurement uncertainty of 
about 0.2%. The middle diagram represents the batch B2-LSC where the half-cells were obtained by laser scribing 
and subsequent cleavage. This process leads to a power loss of about -1.2%. The right diagram shows the results of 
the TLS-processed cells with a power loss of about -1%. In addition to the power loss itself we did a more detailed 
analysis of the electrical losses. It turns out that for either process the shunt resistance Rsh is slightly reduced, see 
Fig. 3 (lower diagrams). However, this reduction in Rsh is not large enough to be responsible for the power loss. The 
two major reasons for the power loss were found to be an increase in J02 and a slight increase in the series resistance 
which is most likely due to variations in the contacting of the full-cells and the half-cells. 
 
 
Fig. 3. Upper diagrams: Power loss of baseline cell batch B1 and the batches B2-LSC (laser process) and B3-TLS (thermal laser separation). 
Lower diagrams: Distribution of shunt resistance for batch B1 (left), B2 (middle), and B3 (right). 
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3.2. Mechanical characterization 
The resulting fracture stresses from the 4-point-bending experiment are shown as histograms (Fig. 4a) and 
evaluated with the Weibull distribution for ıࣄ without the consideration of the different effective areas (Fig. 4b). 
Compared to the full size solar cells (B1-Reference), the fracture stresses for the laser process (B2-LSC) are lower 
and for the TLS process slightly higher (B3-TLS). The additional batch with the center scribe within the tested area 
(B4-TLS-cs) shows also a reduction of strength compared to the reference. By use of fractography the fracture 
origin of the samples from batch B4-TLS-cs could be found at the center scribe. 
  
a) Histogram b) Weibull distribution 
Fig. 4. Fracture stresses evaluated with histogram (a) and as size dependent Weibull distribution (b). 
As shown in the confidence intervals for characteristic fracture stresses ıࣄ and the Weibull modulus m (see Fig. 
5a) the obtained differences in strength distributions are significant. Due to the smaller effective areas (see Table 2), 
the characteristic fracture stress of the TLS separated half-cells (B3-TLS) is higher than the characteristic fracture 
stress of the reference full cells (B1-Reference). Thus, the size effect of strength must be considered in the 
evaluation and is quantified by the scale parameter. Then, the scale parameter shows no significant difference in 
strength between the TLS separated half-cells (B3-TLS) and the reference full cells (B1-Reference), meaning there 
was no significant damage due to TLS process. This result with respect to the different effective areas is shown in 
Fig. 5b. 
Table 2: Summary of Weibull parameters with 90% confidence interval 
Nomenclature Char. Fracture Stress ıࣄ  
[MPa] 
Scale Parameter  ı0 
[MPa mm2] 
Weibull Modulus m  
[-] 
Effective Area Aeff 
[mm2] 
B1-Ref 146.8 (144.2 … 149.3) 263.0 (241.8 … 294.9) 14.3 (11.9 … 16.9) 4179.2 
B2-LSC 108.5 (106.8 … 110.4) 177.8 (164.6 … 197.4) 15.3 (12.6 … 18.4) 1916.0 
B3-TLS 156.6 (153.5 … 159.7) 267.7 (245.3 … 303.3) 14.3 (11,5 … 17.3) 2098.2 
B4-TLS-cs 116.6 (115.0 … 118.2) 172.5 (162.9 … 186.7) 18.9 (15.6 … 22.4) 1596.9 
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This means, that the cell cleavage with the TLS process itself does not reduce mechanical strength of solar cells. 
In contrast, the separation with the laser scribing process (B2-LSC) leads to a significant strength reduction by 33%. 
Although the TLS process itself does no reduce the strength, the initial local laser scribe leads to a reduced strength 
as shown for batch B4-TLS-cs with the scribe in the tested area. Both laser-damaged batches B4-TLS-cs and B2-
LSC show similar strength values indicating similar damage mechanism (cracks, residual stresses, etc.) as known for 
laser processes [9]. 
  
a) Size dependent b) Size independent 
Fig. 5. Weibull parameters with 90% confidence interval rings without (a) and with (b) respect to the different sample sizes. 
It could be shown, that due to the TLS-process itself no mechanical damage occurs compared to the full size solar 
cells. Though, it is necessary to have an initial crack for the TLS-process. This crack can be induced by laser 
processing, which reduces the strength in this initial point. In order to reduce or even prevent this possible strength 
reduction, damage-free laser processes like femtosecond laser could be used for creating the initial crack.  
4. Summary and conclusion 
The concept of a half-cell module requires a cell separation process which does not induce any significant 
electrical losses or a reduction in the mechanical cell strength. A promising candidate for such a cell separation 
process is based on the thermal laser separation (TLS) technology. We have investigated the applicability of TLS for 
solar cells. The TLS process imposes similar electrical half-cell properties and no reduction in mechanical strength 
compared to laser scribing and cleavage (LSC). The crack-initiation at the cell edge can be a source of reduced 
mechanical strength and is subject to further optimization. 
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